15.2%, respectively. The corresponding areas under the receiver operating characteristic curves were 0.62, 0.72, and 0.62. Conclusion: The CPR 10th centile resulted in the best screening performance, although this would be considered fair at best. The CPR 10th centile may be useful as part of a risk stratification tool for prediction of low birthweight and adverse intrapartum and neonatal outcomes.
Introduction
Growth-restricted neonates are known to be at increased risk of intrapartum and neonatal complications and longer-term neurological sequelae. Compared to their appropriately grown counterparts, these fetuses have a five times greater risk of stillbirth, particularly when growth restriction is unrecognised antenatally [1] . Recently there has been debate regarding the definition of fetal growth restriction with some authors suggesting a more appropriate definition of fetal growth restriction would be the presence of a low cerebroplacental ratio (CPR) rather than solely fetal weight [2] [3] [4] [5] . This is because a definition based purely on size may fail to identify a fetus whose estimated weight is >10th centile but may indeed have suboptimal growth and thus a failure to reach its genetic growth potential. Additionally it may also classify constitutionally small fetuses as being growth restricted. In practice, however, clinical identification of a small-for-gestational-age fetus is often the primary screening approach for growth restriction. Conventionally, small fetuses are first suspected by abdominal palpation and/or symphyseal-fundal height assessment before more objective estimation of fetal weight by ultrasound. However, clinical assessment is known to have poor sensitivity [6] and ultrasound estimation of fetal weight can have significant error [7] , particularly at extremes of fetal weight and gestation. Universal and selective ultrasound screening have shown relatively unimpressive detection rates (sensitivity 57 and 20%, respectively) for the identification of the small-for-gestational-age fetus [8] . Furthermore, various large systematic reviews [6, 9] suggest no improvement in clinical outcomes when universal sonography is applied, with recommendations for highquality research to address this need. Therefore, a more accurate screening approach to identify the growth-restricted fetus in apparently uncomplicated pregnancies is needed.
The CPR is currently the focus of much research to identify fetuses that fail to reach their genetic growth potential and/or are at increased risk of perinatal complications. Different CPR thresholds have been suggested for screening in this context, particularly the CPR 5th and 10th centiles [10] [11] [12] [13] . However, to our knowledge, there is no prospective data examining the performance of these thresholds to identify pregnancies at risk of these complications in a low-risk population at term.
The primary aim of this study was to prospectively assess the performance characteristics of the fetal CPR 5th and 10th centiles to screen for perinatal complications in term, low-risk pregnancies and determine the most appropriate of these thresholds. The secondary aims were to investigate the screening performance of the CPR 5th-50th centiles, compare the CPR values, and to investigate the predictive value of the CPR 10th centile compared to estimated fetal weight for babies with perinatal complications.
Methods
This was a prospective, observational study conducted at the Mater Mothers' Hospitals in Brisbane, Australia from May 2014 to August 2016. Women with uncomplicated singleton pregnancies who were planning a vaginal birth were recruited during routine antenatal appointments in their third trimester of pregnancy.
Pregnancies were dated from first-trimester ultrasound. Study protocol approval was granted by the institute's committees for ethics and governance on human research prior to study commencement (Ref. No. HREC/13/MHS/173).
Women provided informed signed consent at enrolment and underwent fortnightly ultrasounds from 36 weeks until delivery. At each visit, the umbilical artery pulsatility index (PI) and middle cerebral artery (MCA) PI were calculated from three consecutive waveforms during fetal quiescence using an automated trace of the spectral Doppler waveform. The CPR was calculated as a simple ratio of the MCA PI to the umbilical artery PI as previously described [14] . The last CPR prior to delivery is reported and used for all analyses. The CPR reference centiles were calculated from women in the study that birthed by spontaneous vaginal delivery with no intrapartum fetal compromise (IFC) and an absence of the composite adverse neonatal outcome (ANO). Reference centiles were not adjusted for gestation. Women and clinicians were blinded to the ultrasound results, except if severe oligohydramnios (deepest pocket <1 cm), absent or reversed end diastolic flow in the umbilical artery, or malpresentation were identified.
Birthweight, mode and indication for birth, and neonatal outcomes were recorded within 72 h of birth. Decision for operative delivery (instrumental or cesarean section [CS]) for fetal compromise was recorded as that made contemporaneously by the treating obstetric team. Classification of fetal heart rate (FHR) patterns was based on guidelines from the Royal Australian and New Zealand College of Obstetricians and Gynaecologists [15] , which are very similar to those published by the National Institute of Clinical Excellence [16] in the United Kingdom and American College of Obstetricians and Gynecologists [17] in the United States. Mode of birth was divided into five categories based upon the primary indication for delivery: spontaneous vaginal delivery with no fetal compromise, instrumental (with or without fetal compromise), and CS (with or without fetal compromise). Umbilical cord gases were performed at the discretion of the attending clinical team in accordance with guidelines at our institution.
Three primary outcomes were assessed; low birthweight (<5th and <10th centile), CS for IFC, and a composite ANO (pH ≤7, base excess ≤-12, and/or lactate >6 mmol/L, Apgar score ≤5 at 5 min, and/or neonatal intensive care unit [NICU] admission). Birthweight centile was classified according to an appropriate population standard [18] . Secondary outcomes were IFC, acidosis at birth (cord artery pH ≤7, base excess ≤-12, and/or lactate >6 mmol/L), low Apgar score (≤5 at 5 min), and NICU admission.
Statistical Analysis
Screening performance was assessed for the CPR <5th and <10th centiles and the CPR 5th-50th centiles in 5-centile increments for the primary outcomes.
Comparisons 
Results
During the study period, 483 women enrolled in the study, of which 43 were excluded for various reasons (Fig. 1 ). These included 18 (3.7%) who underwent elective CS, 21 women (4.3%) who did not have intrapartum FHR monitoring, and three women (0.7%) because of inability to measure the MCA PI. In addition, as this study was designed to assess the association between IFC precipitated by placental dysfunction rather than maternal conditions or birth trauma, one woman (0.2%) was excluded due to severe urosepsis and three women (0.6%) were excluded as birth was complicated by severe shoulder dystocia. The final study cohort thus comprised of 437 women (Table 1) . Umbilical artery cord gas analysis was performed in 55.4% (242/437) of women.
Eleven (2.5%) and 31 women (7.1%), respectively, delivered infants with birthweights <5th and <10th centiles. Eighteen women (4.1%) delivered infants with birthweights >90th centile. The CPR <10th centile threshold produced better screening performance than the CPR 5th centile for the three primary outcomes (Table 2) . CS IFC achieved the greatest area (0.72) under the ROC (AUROC) curve of all outcomes. For birthweight <5th centile, birthweight <10th centile, and composite ANO, the AUROC curve was 0.63, 0.62, and 0.62, respectively. The CPR 5th and 10th centile values were 1.27 and 1.48, respectively.
Sub-analysis of CPR centile for all cases of IFC (instrumental and CS) versus uncomplicated deliveries and the individual components of composite ANO (acidosis at birth, low Apgar score, and NICU admission) demon- 194 strated that the best screening performance was again achieved at the CPR <10th centile. The AUROC curves for IFC, abnormal umbilical artery cord gases, low Apgar score, and NICU admission were 0.67, 0.60, 0.57, and 0.60, respectively.
Screening performance of the CPR 5th-50th centiles was performed in 5-centile increments for the primary outcomes (online supplementary Table i; available at www.karger.com/doi/10.1159/000477932).
Median CPR values were lower in low-birthweight babies, those delivered by CS IFC, and those with the composite ANO (Table 3 Low-birthweight neonates represented a greater proportion of CS IFC deliveries and those with the composite ANO than their >10th centile birthweight counterparts. The CS IFC group had a greater proportion of babies with intrapartum FHR abnormalities and composite ANO than all other deliveries.
Babies with the composite ANO represented a greater proportion of fetuses with the CPR <10th centile, meconium-stained liquor, FHR abnormalities, operative delivery (instrumental or CS) for IFC, later gestation at birth, longer length of labour, lower birthweight, lower birthweight centile, and female sex than neonates delivered in good condition (Table 3) . Conversely, spontaneous vaginal and CS births without IFC were associated with a lower incidence of composite ANO.
Estimated fetal weight centile was predictive of birthweight <10th centile but was not predictive of either CS IFC or composite ANO (Table 4) . Conversely, a low CPR was associated with increased risk for both CS IFC and composite ANO (OR 7.33, 95% CI 2.75-19.50, p < 0.001 and 3.47, 95% CI 2.03-5.91, p < 0.001, respectively) (Table 4). Additionally, the CPR <10th centile was associated with increased risk of IFC (instrumental and CS deliveries) compared with other deliveries (OR 6.09, 95% CI 3.58-10.38, p < 0.001).
Discussion
The results of this study demonstrate that the CPR 10th centile produces the best diagnostic performance for the prediction of low birthweight, emergency CS IFC, and Whilst the association between CPR and adverse intrapartum and neonatal outcomes has been shown previously in retrospective studies on unselected populations [2-5, 11, 19, 20] , this prospective study demonstrates the association persists even in apparently low-risk term pregnancies prior to labour. Our findings suggests that it is possible to indirectly detect suboptimal placental function and predict some intrapartum complications in low-risk pregnancies using the CPR up to 2 weeks remote from birth at term. Our results show that fetuses with a CPR <10th centile are subject to an almost eight times greater risk of emergency CS IFC and a more than three times greater risk of ANO than those with a CPR ≥10th centile. Global screening performance of the CPR 10th centile was highest for CS IFC (AUROC 0.72), followed by birthweight <5th centile, birthweight Data presented as n (%) or median (IQR), as appropriate. CPR, cerebroplacental ratio; meconium liquor, meconium-stained liquor; FHR abnormalities, fetal heart rate suspicious or pathological; SVD, spontaneous vaginal delivery; IFC, intrapartum fetal compromise; CS, cesarean section; IOL excl, induction of labour cases excluded; BW, birthweight; abnormal cord gases, umbilical artery pH ≤7.0 and/or base excess ≤-12 and/or lactate >6 mmol/L; low Apgar, Apgar score ≤5 at 5 min; NICU, neonatal intensive care unit; composite ANO, composite adverse neonatal outcome (abnormal cord gases [umbilical artery pH ≤7.0, base excess ≤-12 and/or lactate >6 mmol/L], Apgar score ≤5 at 5 min, and/or NICU admission Although low birthweight is associated with late-onset growth restriction and intrapartum and neonatal complications [21] [22] [23] , some babies born with birthweights above the 10th centile may have failed to reach their growth potential [11, 24] and are therefore also at risk of these complications. In our view, a 41.9% sensitivity for birthweight <10th centile based on CPR <10th centile may be reasonable and acceptable, given the imperfect presumption of birthweight as a reliable indicator of underlying placental insufficiency. In this context, the screening performance reported here based on the CPR in a low-risk population may be considered reasonable.
In contrast to other studies, our study reports a higher proportion of female fetuses with composite ANO than male fetuses (64.2 vs. 35.8%, p = 0.01, respectively). Other authors have reported higher proportions of male fetuses with perinatal complications such as non-reassuring intrapartum FHR patterns, operative delivery [25] , preterm birth, low 5-min Apgar score, and neonatal death [26] . Sub-analysis suggests that the skew towards worse outcomes for female fetuses appear to be caused by the higher proportion of female fetuses (66.6 vs. 33.3%, p < 0.01, respectively) with abnormal cord gases, despite almost equal proportions of sexes (49.2 vs. 50.8%, respectively) tested. The reason for this finding is not immediately apparent from this study.
The strengths of this study are the prospective design and low-risk study cohort, which constitute most women at term in our institution and other high-income healthcare settings. These factors provide screening results reflective of the low-risk population, a group in which lateonset growth restriction is frequently unrecognised. Additionally, our findings show that as the CPR alone in low-risk term pregnancies has only fair to moderate screening performance, it may therefore be useful as a component of a broader risk stratification tool or algorithm.
The simplicity of a single CPR measurement in the final month of pregnancy is a strength of this study and lends itself to the incorporation of the CPR in a late-pregnancy scan. The diagnostic performance (sensitivity 61.1% and specificity 82.3%) for CS IFC, whilst not perfect, is nonetheless a significant improvement on what is currently available. Emergency operative birth for fetal distress is frequently traumatic for women and healthcare providers. These urgent deliveries are also a risk factor for ANO [27] . The sheer uncertainty of the possibility of IFC and some of its immediate and longer-term ramifications contributes to adverse perinatal outcomes globally. Prelabour identification of women at risk allows appropriate counselling and decisions about mode and place of birth to be made. These are likely to result in greater overall satisfaction for women and their healthcare givers and potentially improvement in perinatal outcomes.
We acknowledge the limitations of this study in that the overall prevalence of IFC in our population is relatively low and the cord gas analysis data are incomplete. The reason for this is that, in common with many other institutions in Australia, cord blood is only analysed when clinically indicated, i.e., if abnormal FHR patterns are present or delivery complications occur.
The performance of any screening test is very much influenced by the disease prevalence in the study population [28] . That is, when disease prevalence is high, the positive predictive value will also be high. Conversely, when disease prevalence is low, the positive predictive value will also be low, as is the case in this study. Whilst the positive predictive value of the CPR 10th centile in this study ranged from 5.9 to 36.5% for the various outcomes, its test performance is likely to be much higher in populations where the disease (suboptimal fetal growth) prevalence is higher, as seen in some low-and middleincome countries. The CPR in low-income healthcare settings would therefore be expected to yield better screening performance.
Dichotomising the CPR at a single threshold, such as above or below the 10th centile, is worthy of discussion. As the CPR is a continuous variable, selecting a single threshold means that severity of disease is not indicated by the risk assessment result. That is, extremely low CPR values produce the same adjusted risk as those just below the threshold, with mildly abnormal results. Similarly, values immediately above or below the threshold may in fact have similar clinical risk, although their adjusted risk will indicate entirely different risk profiles. Whilst ROC curves have been widely used to select a threshold at a value that optimises sensitivity and specificity, the simplification of results to either "normal" or "abnormal" has led to some authors advocating the use of likelihood ratios based on interval thresholds to more accurately reflect the data [29] . Interval thresholds provide more than two possible classification outcomes, thereby providing a graded reporting of risk dependent upon where a value fits within the intervals. This permits extremes of abnormal values to result in appropriately high positive likelihood ratios without dilution from less extreme abnormal results. Whilst there is merit in this approach, this has not been the approach of investigators. The majority of published studies investigating the utility of the CPR as a predictor for adverse outcomes have generally been threshold based using pre-specified thresholds such as CPR ≤1, CPR <5th, and CPR <10th centile [30] .
Results from this study raise the question of what is an acceptable false-positive rate in screening for adverse perinatal outcome including stillbirth and neonatal death. Other population screening programs, such as prostatespecific antigen-based screening for prostate cancer and mammography for breast cancer, yield very high falsepositive rates of 50-75% [31] and 42-61% [32] , respectively. Clearly, screening for various cancers is tolerant of high false-positive rates and subsequent invasive testing. The CPR 10th centile produced a false-positive rate of <20% for the outcomes presented here. One could argue that if the CPR was used as a screening tool for adverse perinatal outcomes then a similar tolerance might be appropriate and indeed acceptable given the magnitude of potential adverse sequelae, both immediate (intrapartum hypoxic brain injury, stillbirth, serious neonatal morbidity) or late (neurodisability). In late pregnancy, management following an abnormal fetal well-being test usually involves timely delivery, either induction of labour or elective CS. Such intervention, when balanced against the risks of the previously described adverse outcomes, may be entirely reasonable. In view of this, we would suggest that a higher false-positive rate in the context of screening for adverse late pregnancy outcomes may be justified.
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